Expansions through small tapered nozzles (_10-2 cm inlet diameter) have produced conformational cooling of gas phase n-butane to estimated conformational temperatures as low as 180 K. Relaxation into the lower energy trans form was seen with neat butane and with addition of up to -30% helium or neon. Thin plate nozzles of comparable diameter do not seem to produce the same effects, presumably because the more rapid cooling they bring about is accompanied by many fewer collisions. Conformational analyses carefully checked for and took into account butane cluster scattering, which if present and ignored, artificially increases the apparent trans mole fraction. At higher concentrations of monatomic carrier gas the cluster scattering becomes strong enough to interfere seriously with the determination of conformational composition. Analysis of the present data and a reanalysis of earlier, conventional, gas electron diffraction data both gave the room temperature trans mole fraction as 64% (30-= 9%) in agreement with a recent spectroscopic inference of 68%.
I. INTRODUCTION
Gas electron diffraction studies have often been used to determine the distribution among conformations of gas phase molecules and hence to estimate free energy differences between conformers. 1,2 Of particular importance have been studies of the temperature dependence of conformer fractions.
2 Under the mild expansion conditions of conventional electron diffraction, the conformational temperature of the gas has been shown to be essentially that of the nozzle,3 despite Significant translational and rotational cooling. We wished to see whether the greater number of colliSions experienced by molecules expanding in a supersonic jet would produce conformational cooling of n-butane sufficient to be detected by changes in electron diffraction patterns. Cooling has been demonstrated, spectroscopically, by Felder and Gunthard 3 for 1, 2-difluoroethane, a molecule with a lower barrier to isomerization than n-butane. These workers compared effUSive and free jet sample beams in argon matrix depOSition, and concluded that gas phase conformations are retained after incorporation into the solid matrix.
After earlier ambiguous studies, the room temperature trans/gauche ratio of gas phase n-butane has been derived by Compton et al., 5 whose analysis of the torsional potential gave aH tl = 3. 72 ± 0.12 kJ mor l and 68% trans at 298 K. According to this potential, the trans mole fraction would be expected to increase to about 98% on cooling to 100 K. To measure conformational temperatures in a butane expansion reliably we must determine changes in conformer population to within a few percent. In the nonequilibrium conditions of a supersonic expansion we cannot simply equate conformational temperature with local vibrational, translational, or rotational temperatures, each of which could be quite different. Even with conventional electron diffraction gas nozzles the translation-rotation temperature may fall hundreds of degrees while leaving the intramolecular vibrational distribution virtually at room temperature. Vibration-translation relaxation of n-butane is known to take considerably fewer colliSions than required by most other small molecules, 8 presumably because of its low frequency central torSional Vibration. However, this only applies within a Single conformational potential minimum, and relaxation of gauche to trans n-butane may still require, on average, many more collisions.
Since the results of a previous electron diffraction study7 by Bradford, Fitzwater, and Bartell (BFB) appeared not to agree with recent spectroscopiC ones, and since we needed a reliable reference trans/ gauche ratiO, we have reexamined the absolute determination of the trans mole fraction, including the original BFB data as well as our own.
II. EXPERIMENTAL
Diffraction patterns were taken of n-butane both pure and with added helium or neon. Expansion conditions for particular plates are given in Table I of the preceding paper. 8 Under certain conditions plates showed little or no evidence of cluster formation, notwithstanding a considerable drop in translational temperature. These plates will be the principal subjects for analyses in this paper. The same effective camera height was used for n-butane plates in this work as for benzene plates in a previous study. 9 This value provided good agreement for n-butane and benzene distances in comparison with conventional electron diffraction studies. Further experimental detailS and data reduction procedures may be found in previous papers of this series. [8] [9] [10] 
III. ROOM TEMPERATURE STUDIES

A. Procedure
To obtain good starting structure parameters for investigation of conformational cooling we reanalyzed the data of BFB. 7 Diffraction patterns providing a suitable comparison were taken in the present study using jets derived by passing pure n-butane at a moderately high pressure through a thin plate nozzle and skimmer. (Table I) converged to the same values within experimental error. Vibrational amplitudes for the analyses of Table I were fixed at their calculated room temperature values, apart from those for bonded, and 1, 3 nonbonded distances, as listed in the table.
An absolute determination of the trans/gauche population ratio by electron diffraction for a molecule such as n-butane encounters certain complications. Scattered intensities change little because only the longer nonbonded distances alter significantly, as shown by the calculated intenSity difference curve in 
B. Results
As shown in Table I , structural and conformational results deduced from intensities obtained with our thin plate nozzle (Fig. 1) are in excellent agreement with those found in a reanalysis (Fig. 2) of the BFB data. Moreover, contrary to the original BFB refinement, the present determinations of the conformational composition yielding 64% (0' = 3%) trans, including or excluding BFB data, are consistent with the spectroscopic inference of 68% at 298 K. We are unable to account for the low mole fraction of trans conformer 53.5(9.0)% reported by BFB. Perhaps the discrepancy can be attributed in part to the different nonbonded asymmetry constants adopted and to the less direct procedure applied by BFB who carried out a series of refinements each at fixed conformational composition, instead of a simultaneous refinement of structure and composition. While it is reassuring that our reference room temperature trans mole fraction, for comparison with results from conformationally colder jets, is close to the spectroscopic value, certain questions are raised. We have assumed in Table I that data from plates 257-264 correspond to room temperature when in fact we used a pressure of 25 psia through a thin plate nozzle of diameter O. 1 mm. Such conditions are expected to produce considerable translational cooling. We can understand the result if we hypothesize that the expansion was sufficiently fast to freeze in the room temperature conformational population. Table I. IV. CONFORMATIONAL COOLING
A. Test of influence of data range
In most of our diffraction experiments pictures were only taken with a single rotating sector and one camera height, restricting the s range of the available data. It was important, therefore, with the room temperature data discussed above, to investigate the effect of different data ranges on the apparent conformer population. A few results are presented in Table II . In each case structural parameters were as for plates 257-264 in Table I except that the C-C distance, CCC angle, conformer fractions, and background function were allowed to vary. (Refining fewer parameters gave slightly lower error estimates, according to normal error theory, than in Table I .) Data from our R3 sector alone, plates 257 and 258 gave a high value of the trans fraction, with the , 2 / largest error. Taking only R data, plates 263 4, also gave a higher value than from combined R2 and R3 data. There seems to be some slight, systematic difference between the data from the two sectors. The information in Table n provided a basis to look for changes in conformer fraction when we only have data from a single sector. Tests in which both R2 and R3 rotating sectors were used with carefully reproduced conditions show reasonable agreement for changes in conformer fractions, irrespective of the sector or sector combination employed.
B. Compensation for systematic errors
Differences between observed and calculated M(s) curves, such as for the room temperature plates described in this section, represent to a large extent systematic error. In particular, errors arise from the simplified expreSSions of standard scattering theory, as has been demonstrated for SF s • 11 • 12 Systematic errors, when treated as random errors in normal error theory, suggest larger standard deviations for structural parameters than the precision of electron diffraction data would imply. By subtracting a "systematic residual" and repeating the structural analysis some idea of the genuine least-squares precision may be obtained. It is plausible to assume that systematic reSiduals depend little upon the conformational ratio. If we adopt this assumption, results indicate that we have the sensitivity to determine changes in conformer ratio accurately enough to observe conformational cooling.
In results described in the follOwing, we resorted to subtraction of the obs-calc residual of our "control plates" 257/8 and/or 263/4 from other plates. Apparent standard errors of the conformer fraction were thereby reduced by a factor of up to 2, though the improvement varied from plate to plate.
C. Discrimination between cluster scattering and conformational cooling
As explained in the previous paper, the presence of cluster scattering confuses a determination of conformer fractions for n-butane, unless the cluster contribution is allowed for explicitly. A procedure to do this is outlined in the following. IntenSity data from plate 369 were used as a standard cluster Signal as described below.
Reference structure and adjustable parameters were as for Table n discussed in the previous section. In the first place the scale factor for a plate taken with He or Ne was adjusted 10 where appropriate. (Note that plates 332 and 334 were for pure n-butane.) Contrary to our normal practice for gas mixtures, monatomic carrier contribution was then actually subtracted from the leveled intensity. In place of the carrier gas intensity we introduced the cluster scattering from plate 369. A cluster scale factor and other refining parameters were then optimized, enabling the determination of a cluster contribution for any given plate relative to plate 369. Two "cluster intensity" curves were prepared in slightly different ways for analyses labeled A and B in Table m. In both cases the control plates 263/ 4 residual was first subtracted from plate 369. Since the average trans mole fraction of monomer in the jet was not known, plate 369 was refined with both a 100% trans model (analysis A) and a 68% trans model (analysis B), as two extreme cases. A variety of cases were investigated, some showing strong and some weak cluster formation. Since systematic residuals have been subtracted in each case the least-squares errors for the conformer fractions need to be combined with analogous "Only the C-C distance, CCC angle, background function, and trans mole fraction were varied. All other parameters as in Table I , Column (i). estimates for the control plates 257-264 to give an error estimate for the change in conformer fraction. In fact the errors in Table nI dominate, probably due to the uncertainties associated with the cluster contribution. One case, plates 314/5, was included where the cluster component was appreciably different from that of plate 369 as illustrated in the previous paper. This gave much larger errors and a considerable residual compared to say, plates 332 or 402 (see Fig. 3 ). As
Reduced intensity curves sM(s) for plate 332, pure nbutane (reservoir pressure 25 psia, tapered nozzle) following analysis A of Table III , systematic residual removed. Corresponding sM(s) curves for plates with carrier gas are indistinguishable when Corrected for cluster scattering and plotted on this scale unless the carrier pressure is high enough to induce strong clustering. (8) 86 (6) 84 (6) 88 (7) 88 (9) 84 (11) 74 (7) 78 (9) 70 (5) Conf. temp. (8) 75 (9) 0.29(6) 80(7) 0.03 (6) 87 (10) 0.04 (6) 78 (7) elnput assumption distinguishing analyses A and B. Of consequence only when substantial cluster formation accompanies cooling. dPoor fit due to different shape of cluster contribution; see Ref. 8. with room temperature data, it seems that our simplifying assumption of room temperature amplitudes of vibration for the important 1, 4 C .
• 0 C distances has fortuitously little effect. For plate 332, decreasing these two amplitudes to 100 K values increased the trans fraction from 85.5% to 86.1% and gave a Significantly worse squared error sum. Table m are results for plate,s showing both strong and weak cluster formation. The determined cluster fractions compare well with corresponding residual heights in Table I of the previous paper.
D. Results
Included in
Where the cluster fraction is small, the trans mole fraction is almost the same for analysis A and B, and conformational COOling is seen. By relating the changes in trans mole fraction between Tables n and m to changes from 68% at room temperature, we estimate conformational temperatures at least as low as 180 K. Final residuals are illustrated by plate 332 for pure n-butane in Fig. 3 and are pleasingly small. Corresponding reSiduals for plates taken with carrier gas closely resemble those of Fig. 3 , in amplitude and features, unless the carrier pressure is high enough to induce strong clustering. Indeed, when similar nozzles are used, the resemblance is striking enough to indicate that systematic residuals for conical nozzles are slightly different from those for thin plate nozzles (which, as described above, were adopted in systematic corrections).
The analysis in Table In assumed that the cluster intenSity from plate 369 remains good over a wide range of expansion conditions. This is a plausible Simplification to render analyses tractable. In a liquid, as this appears to be, the average nearest neighbor interac-tions which dominate the scattering are unlikely to change much with cluster size. However, changes in cluster temperature should strongly affect the rate of damping of the cluster intensity as shown by the theoretrcal intensities of the previous paper. 8 The differences in trans fraction between analyses A and B are almost exactly, as expected, consistent with an imposition of the limits of 10~ and 68% trans, respectively, on reaching the same size cluster Signal as displayed by plate 369. (Each difference should be 32% x cluster fraction.) By assuming a conformational ratio for the experimental cluster Signal one may estimate the conformational ratio of the "free" n-butane for plates such as 322 or 364/5. Because of the additional assumptions needed, conclusions become speculative and temperature estimates are not given in these cases.
V. DISCUSSION
Cooling produced by expansion of n-butane in a miniature supersonic jet can lead selectively to simple translational-rotational relaxation, to rotational isomerization without condensation, or to condensation into large clusters depending upon expansion conditions. Expansion through a small thin plate nozzle brings about a rapid temperature drop with a minimum of collisions and induces neither conformational cooling nor observable cluster formation if carrier gas is absent. Expansions through conical nozzles are associated with less precipitous denSity and temperature drops, with a far more highly collimated jet, and, accordingly, with many more collisions before the terminal Mach number is reached. The COOling of pure butane by such expansions has not yet been seen to generate clusters but it has yielded substantial conversion of gauche to trans rotamers. Inclusion of enough helium or neon leads to considerable cluster formation with either type of nozzle. We conclude, then, that fast cooling, if sufficiently extreme, suffices to produce clusters while slow COOling, accompanied by numerouS collisions, is needed for rotational isomerization of n-butane. Apparently nbutane, with a barrier of about 2.7 kcal/mol, 5,13 is appreciably less free to isomerize than its close relative 1,2-difluoroethane, whose barrier is 2.0 kcal/mol 8 (in each case is cited the barrier to isomerization of the high energy form). Difluoroethane exhibited marked isomerization upon expansion from 400 Torr through a thin plate nozzle only 40 J..Lm in diam. 8 Studies of nozzle-generated conformational COOling have several potentially interesting aspects, the full exploitation of which has not yet been realized. For one thing, it could, in principle, lead to a more complete characterization of the steps in the kinetic pathway for isomerization than is yet available. An ultrasonic relaxation experiment 14 has measured the rate constant for butane, as a function of temperature, for the dense fluid where the unimolecular step is rate limiting. In nozzle expansions, the conversion is ultimately arrested by the slowness of the second-order activation step.
Another application is in structural chemistry. Although n-butane is the prototype example exhibiting trans-gauche isomerization, it has not yet been possible to determine, separately, the structure parameters of the two conformers. The best experimental information available 7 consists of average bond lengths and bond angles for the trans-gauche gas phase mixtures. In principle, it is now possible to enrich the trans conformation greatly, to determine the trans structure itself by electron diffraction, and to infer the gauche parameters by deconvolution of the intensities for the mixture.
